1. Introduction {#sec0005}
===============

Since the beginning of the 21st century, civilization has been facing two major problems: the steady decline of fossil fuels, and environmental problems caused by the extensive use of these fossil fuels for the production of energy and chemicals. One effective way to address these challenges is to use biomass instead of fossil fuels for the production of fuels and chemicals, an emerging area termed as "bioeconomy". This type of economy undoubtedly contributes to environmental, social and economic sustainability if it is well designed and implemented [@bib0005], [@bib0010], [@bib0015]. A critical aspect of shifting from the current "petroeconomy" to a "bioeconomy" is to minimize the impact of new applications of biomass (i.e., fuels and chemicals) on traditional uses of biomass (i.e., food and feed), thereby preventing any resultant economic imbalance. Therefore, significant academic and industrial activities are focused on identifying abundant biomass sources and/or developing crops that are less competitive with conventional crops in terms of water, land and nutrient requirements. The availability and application of biomass sources are region-dependent and it is therefore essential to identify plant species suitable to local cultivation conditions to increase the economic viability of biomass production [@bib0020], [@bib0025], [@bib0030]. Two commonly cited examples of successful transition to a bioeconomy include bioethanol production from sugarcane in Brazil and biodiesel production from non-edible *Jatropha* oil in South Asia; however, these species cannot be applied readily to North America without considering the degree of climatic adaptation [@bib0035], [@bib0040], [@bib0045].

Jerusalem artichoke is a plant native to North America. It has a number of advantageous characteristics over traditionally agricultural crops, including high growth rate, good tolerance to frost, drought and poor soil, strong resistance to pests and plant diseases, with minimal to zero fertilizer requirements [@bib0050], [@bib0055]. Conventionally, Jerusalem artichoke has been used for food or animal feed [@bib0060], [@bib0065], and for the past two decades, alternative uses have been explored especially for the production of functional food ingredients such as inulin, oligofructose and fructose [@bib0070], [@bib0075]. It is also found that some bioactive ingredients can be extracted from its leaves and stems, which creates an opportunity for applications in the pharmaceutical sector [@bib0080], [@bib0085]. More recently, a renewed and rapidly growing interest is for the use of Jerusalem artichoke tubers, which are rich in inulin, as raw materials for bioethanol production [@bib0090], [@bib0095]. Multiple applications of Jerusalem artichoke are illustrated in [Fig. 1](#fig0005){ref-type="fig"}. These diverse applications along with low-cost of plantation render Jerusalem artichoke a promising biomass for the development of a bioeconomy.Fig. 1Multiple applications of Jerusalem artichoke.

This review is a comprehensive survey of the cultivation of Jerusalem artichoke, production of a variety of potential bioproducts and applicable production technologies. Considerable emphasis is placed on Jerusalem artichoke bioethanol production.

2. Characteristics of Jerusalem artichoke {#sec0010}
=========================================

Jerusalem artichoke (*Helianthus tuberosus*) is a perennial plant which consists of a stem about 1--3 m tall, small yellow flowers, hairy oval shaped leaves and an underground rhizome system which bears small tubers. It is an Angiosperm plant species of the Compositae family, which is commonly referred to as the sunflower or daisy family [@bib0050], [@bib0100], [@bib0105], [@bib0110]. The stems are stout and ridged which can become woody overtime. Its leaves alternate near the top of the stem, the lower leaves are larger and broader, and can grow up to 30 cm long while the higher ones are smaller and narrower. In terms of flower heads, each is 5--7.5 cm wide and formed by small, yellow, tubular disk flowers in the center and surrounded by florets, which occur separately or in groups at the end of alar branches and main stems. As for tubers, they are uneven and elongate varying from knobby to round clusters. The colors of tubers range from pale brown to white, red and purple [@bib0050], [@bib0115]. The morphology of Jerusalem artichoke plant and tubers are illustrated in [Fig. 2](#fig0010){ref-type="fig"}.Fig. 2Plant and tubers of Jerusalem artichoke.

The Jerusalem artichoke was first cultivated by Native Americans long before the arrival of the Europeans, and was called sunroots. Following its introduction to Europe, diverse Latin and common names were ascribed to Jerusalem artichoke. Kays and Nottingham [@bib0110] collected and reported nearly 100 common names used in different languages. Now some of the most commonly used English names include Jerusalem artichoke, sunchoke, topinambur, woodland sunflower or earth apple. Interestingly, the name "Jerusalem artichoke" is misleading as it is a type of sunflower in the same genus as the garden sunflower; however, it has no relation to Jerusalem, neither is it a type of artichoke [@bib0120].

3. Cultivation of Jerusalem artichoke {#sec0015}
=====================================

Jerusalem artichoke is native to temperate regions of North America and can tolerate an annual precipitation ranging from 31 to 282 cm, with suitable average temperature range of 6.3--26.6 °C, and pH of 4.5--8.2. Although it can adapt well to a wide range of soil types and pH levels in a sunny position, slightly alkaline soils are favorable for artichoke production. Generally the plant can tolerate sub-zero temperatures while the tubers can withstand freezing for several months even if the frost kills the stems and leaves. The cold-tolerant nature of the tubers allows them to be preserved in the ground during the cold winter until harvested as required [@bib0050], [@bib0110].

Several studies suggested that Jerusalem artichoke should be planted in early spring to a depth of 10--15 cm. Seed tubers should be spaced 30--60 cm apart in each row, with rows 45--120 cm apart. The optimal soil temperature for planting is between 6 and 7 °C due to the fact that tubers become dormant at temperatures lower than 5 °C. Ideally, it should be planted in well-drained soil with slight alkalinity. The suggested value of soil pH for growth ranges from 4.5 to 8.2. Irrigation is not normally needed and the plant is usually ready to be harvested in approximately 125 days. Yields are relatively high, typically 16--20 t/ha for tubers, and 18--28 t/ha green weight for foliage. It can be harvested using potato harvesting machinery. Once harvested, it needs to be handled carefully to prevent bruising. Recommended storage conditions are 0--2 °C at a relative humidity of 95% for 4--5 months [@bib0050], [@bib0065], [@bib0125], [@bib0130]. The Jerusalem artichoke has an aggressiveness nature and should be managed cautiously with tubers missed during harvest expected to grow aggressively in next season. However, this aggressive nature is advantageous and reduces the need for pest management since the plant grows so quickly [@bib0065], [@bib0135].

Due to the potential application of Jerusalem artichoke in the bioenergy sector, it is now increasingly grown as a specialty plant by many farmers. Although aggressive growth is expected, for commercial scale cultivation, it still may be necessary to identify regional pests and diseases that may affect crop growth. Unfortunately very little research is reported on this aspect. McCarter and Kays [@bib0140] found that rust and powdery mildew caused by *Puccinia helianthi* and *Erysiphe cichoracearum*, respectively reduced the tuber yield. Other potential issues such as slugs, birds, deer and rabbits may pose a threat to the plant, as do diseases such as powdery mildew and *Sclerotinia* rot [@bib0065], [@bib0145].

4. Bioproducts derived from Jerusalem artichoke {#sec0020}
===============================================

4.1. Functional foods {#sec0025}
---------------------

A functional food is defined as food that is demonstrated to affect at least one target function in the body beyond basic nutritional effects, in a way to either enhance stage of well-being and health and/or reduce the risk of disease. A functional food must remain in a normal food form rather than pills or capsules, and demonstrate their effects in amounts that can be consumed in the diet. A functional food can be a natural food, or a food which one or more components have been added to, or removed from, or a food where the nature/bioavailability of one or more components has been modified, or any combination of these possibilities [@bib0150], [@bib0155]. Jerusalem artichoke is a natural raw material for the derivation of a number of functional food ingredients such as inulin, oligofructose and fructose [@bib0050], [@bib0110], [@bib0155], [@bib0160], having both nutritional and functional attributes, particularly beneficial to individuals with Type 2 diabetes and obesity [@bib0165], [@bib0170], [@bib0175].

### 4.1.1. Inulin {#sec0030}

Inulin is a polysaccharide, similar to starch, and exists as a white powder with neutral taste. Chemically, it is a linear biopolymer of [d]{.smallcaps}-fructose units connected by β (2,1) glycosidic linkages, and terminated with one [d]{.smallcaps}-glucose molecule linked to the fructose chain by an α (2,1) bond. The degree of polymerization of inulin generally ranges from 2 to 60. To date, inulin has been increasingly used as functional ingredients in processed foods due to its unique characteristics [@bib0050], [@bib0180], [@bib0185].

Inulin with the β (2,1) linkages between the fructose monomers cannot be digested by human intestinal enzymes, giving rise to important applications in functional foods suitable for management of Type 2 diabetes, obesity and other blood sugar-related health conditions [@bib0165], [@bib0180], [@bib0185], [@bib0190], [@bib0195]. When orally ingested, inulin passes through the mouth, stomach and small intestine without being metabolized, until it enters into the large intestine where it becomes fermented by the colonic microflora. Thus, consumption of inulin has no influence on blood sugar levels and stimulation of insulin secretion. The non-digestible nature of inulin inherently results in a caloric value that is significantly lower than other typical carbohydrates, since energy is only derived from the metabolism of fatty acids and lactate resulting from fermentation. Consequently, inulin can be used to replace fat, sugar and flour in dairy products, in cereals and in baked goods for calorie reduction [@bib0200], [@bib0205], [@bib0210]. Additionally, inulin is considered a form of soluble dietary fiber and is categorized as a prebiotic. Inulin influences intestinal functions by increasing stool frequency and stool amounts, particularly in constipated patients, along with decreasing fecal pH value. These effects help suppress the production of putrefactive substance in the colon [@bib0165], [@bib0185], [@bib0215], [@bib0220], [@bib0225]. Inulin as a prebiotic also simulates the growth of existing strains of beneficial bacteria in the colon which enhances the absorption of important mineral components like calcium and magnesium as well as the synthesis of B vitamins [@bib0165], [@bib0180], [@bib0230], [@bib0235], [@bib0240], [@bib0245]. It was also found that the incorporation of inulin in a diet reduced the lipid content of blood and liver in saturated fat-fed rats. However, similar effects have not yet been confirmed in humans [@bib0250], [@bib0255], [@bib0260], [@bib0265]. Recent studies observed that inulin played an important role in the prevention and inhibition of colorectal, colon and breast cancers [@bib0185], [@bib0270], [@bib0275], [@bib0280], [@bib0285], [@bib0290].

Oligofructose, another functional ingredient, is a short chain polysaccharide containing less fructose units (2--10). It can be derived from partial hydrolysis of inulin. Oligofructose has very similar functional and nutritional properties as inulin [@bib0155], [@bib0165], [@bib0185], [@bib0210], [@bib0220], [@bib0295], [@bib0300] and its applications as a functional food ingredient are not repeatedly stated in this paper.

Given these health benefits of inulin, the development of more efficient processes for inulin production and feedstock identification have gained considerable attention. Jerusalem artichoke and Chicory are the two most commonly used sources for inulin production on an industrial scale [@bib0185]. Jerusalem artichoke tubers contain a high amount of medium-length chains of inulin that can be extracted by the processes similar to sugar extraction from sugarcane. A typical inulin production process includes three major steps, namely pretreatment, extraction and purification. In order to increase diffusion rate, Jerusalem artichoke tubers are first sliced and ground into small particles. Extraction usually is conducted in hot water. Following separation from solid residues, inulin and water solution is further purified by bleaching, activated carbon adsorption or ion-exchange approaches. Purified inulin in water is then concentrated and dried to give finished pure inulin powders [@bib0305]. Even though an inulin production process is not complicated, it is still challenging to obtain inulin with good quality and high yield. Therefore, efforts made to increase the economic viability of inulin production are hereby briefly reviewed.

Jerusalem artichoke tubers contain a kind of enzyme existing in their epidermal cells, called polyphenol oxidase (PPO). Once harvested, tubers are still engaged in a series of physiological and metabolic activities. PPO can oxidize the endogenous polyphenols into melanin in the presence of oxygen. This process is known as browning, which seriously affect the nutrient, flavor and appearance of the finished product. Li [@bib0310] systematically investigated the effects of temperature and pH value on the activity of PPO, and suggested that a pretreatment of Jerusalem artichoke in water with a neutral pH value at 80 °C for 2 min suppressed enzyme activity, and thus effectively eliminated the occurrence of browning. In a study conducted by Jiang [@bib0315], the effects of extraction operating parameters on the yield of inulin were evaluated, and optimal extraction conditions for achieving an inulin yield of 89.5% were provided: extraction temperature of 70 °C, ratio of water to Jerusalem artichoke solid of 15:1, extraction time of 90 min and two times of re-extraction of solid residues. Kierstan [@bib0320] attempted an enzymatic method to isolate inulin from Jerusalem artichoke, expecting an increased inulin yield. However their research indicated that enzyme treatment of crude Jerusalem artichoke had no significant improvement on the extraction efficiency and the best extraction method required the involvement of some mechanical means. Sonication is increasingly employed in solvent extraction of bioactive ingredients from vegetables as it is capable of enhancing mass transfer and solvent penetration [@bib0325]. Research [@bib0330] conducted regarding the performance comparison among conventional extraction, direct sonication extraction and indirect sonication extraction found that indirect sonication extraction was the most suitable method for inulin extraction from Jerusalem artichoke. Microwave-assisted extraction is another promising method to improve extraction efficiency [@bib0335]. Xiao et al. [@bib0340] applied a microwave-assisted extraction process in inulin isolation. They observed that with the aid of microwaves, the yield of inulin was increased from 10.8% to 12.2% on a wet basis while the extraction time was decreased from 100 min to just 6 min. Zhu's group [@bib0345] employed a three-stage homogenate extraction for inulin preparation. In comparison with the conventional hot water extraction, this process had a number of advantages, including higher yields, less degradation of inulin, room temperature operation and much less amounts of water used.

### 4.1.2. Fructose {#sec0035}

Inulin can be completely hydrolyzed to its monomer, fructose, which is widely used as sweetener instead of sucrose or glucose in functional foods, pharmaceuticals and beverages. The most significant difference between fructose and other monosaccharides is the difference in glycemic index (GI). GI was first introduced by Jenkins et al. [@bib0350] as a means to categorize carbohydrates according to their ability to raise blood glucose, and has been used to help individuals with Type 2 diabetes and obesity with their food selection. Based on this definition [@bib0350], GI is determined by measuring the blood glucose response caused by ingestion of a certain amount of carbohydrate with respect to a rise in blood glucose caused by the same amount of glucose intake. GI of glucose is assumed as 100, and GI of sucrose is 65 while GI of fructose is only 23 [@bib0355]. The significantly low GI of fructose makes it the most favorable sweetener for patients with diabetes or obesity [@bib0170], [@bib0175], [@bib0360]. More interestingly, the sweetness of fructose was reported to be 100--150% higher than that of sucrose, which indicates that using a smaller amount of fructose can provide the same texture and sweetness in food than obtained using other sugars [@bib0365], [@bib0370], [@bib0375], [@bib0380]^.^ Less sugar intake definitely helps reduce the microbial decomposition and aggregation in the mouth leading to lower chance of tooth decay. Therefore it is extremely attractive as fructose additive, not only satisfies the taste buds, but also produces relevant health benefits.

Conventionally, fructose is produced from hydrolysis of starch, involving three enzymes amylases or alpha-amylase and glucoamylase in three steps while the resulting hydrolysate contains 45% fructose and 55% glucose [@bib0385], [@bib0390]. Inulin is a more advantageous feedstock than starch since hydrolysis of inulin needs only single enzymatic hydrolysis with inulinase as biocatalyst [@bib0395], with fructose yields reported as high as 95% [@bib0385]. The economy of a hydrolysis process is highly associated with the activity and stability of enzyme, operating mode and bioreactor configuration. Compared to most chemical reactions, biological reactions such as hydrolysis are relatively slow. It requires a long reaction time or the use of large bioreactors. In addition, large amounts of enzyme involved in hydrolysis remain in reaction broth after the reaction and are very difficult to recover. Therefore, significant research has been conducted to immobilize the enzyme to retain biocatalyst and at the same time to achieve continuous operation. Ricca et al. [@bib0400] have reviewed the main advancements achieved in the production of fructose from inulin enzymatic hydrolysis prior to 2007. Progress made in recent years or research not covered in Ricca\'s review is summarized here with a focus on new enzyme development, enzyme immobilization and innovative bioreactor design.

Research conducted by Sirisansaneeyakul, et al. [@bib0405] focused on the synergistic effect of a combined exo- and endo-inulinases system. They observed that an enzyme system consisted of mold and yeast inulinases with a mixing ratio of 5:1, was better at inulin hydrolysis than the mold and yeast alone. The resulting hydrolysate contained 78.2% of fructose. Yu et al. [@bib0410] developed a novel recombinant inulinase-secreting *Saccharomyces cerevisiae* strain to produce glucose-free fructose from Jerusalem artichoke. Such a recombinant biocatalyst was capable of hydrolyzing inulin into fructose and glucose, and subsequently metabolizing glucose. As a result, only fructose accumulated in the hydrolysate, which provided a promising one-step process to produce fructose with high purity. Guiraud et al. [@bib0415] attempted to immobilize inulinase on a DEAE-cellulose matrix by a simple adsorption method. As-prepared catalyst was tested in a continuous reactor at a flow rate of 10 mL/h, inulin solution of 5 g/L, at 40 °C for 3 weeks, achieving a conversion rate for inulin of 100%. In a study conducted by Santa et al. [@bib0420], a novel sol-gel immobilizing method was employed to deposit inulinase on a porous silica xerogel matrix. This biocatalyst presented a promising operational stability at 40 °C for 20 consecutive 24-h batch runs without noticeable decay in product yield. Singh et al. [@bib0425] developed a stable continuous flow reactor with inulinase immobilized on Duolite A568 to hydrolyze inulin. The reactor could run continuously at a flow rate of 4 mL/h, at 55 °C for 75 days and the experimental half-life was 72 days, which is a very encouraging advance in the continuous hydrolysis of inulin. Zhu's group [@bib0430], [@bib0435] has conducted ongoing research on fructose production from Jerusalem artichoke since the early 1990s [@bib0430]. An innovative dynamic membrane separator was developed and was coupled to a hydrolysis reactor, which was able to perform reaction and separation at the same time. The enzyme was filtered by membrane spectator and recycled into the hydrolysis reactor providing a cost-effective process for fructose production. This unique design has been applied on an industrial scale.

4.2. Bioactive compounds {#sec0040}
------------------------

In addition to functional foods derived from Jerusalem artichoke tubers, the leaves also have important applications. Jerusalem artichoke leaves are traditionally used as a folk medicine for the treatment of bone fractures, skin wounds, swelling and pain [@bib0440], [@bib0445], [@bib0450]. A number of valuable bioactive compounds of medicinal significance have been isolated from the aerial parts of Jerusalem artichoke, demonstrating antifungal, antioxidant, anticancer activities and other medicinal effects [@bib0080], [@bib0085], [@bib0440], [@bib0455], [@bib0460], [@bib0465], [@bib0470], [@bib0475], [@bib0480], [@bib0485], [@bib0490].

In research conducted by Nakagawa et al. [@bib0460], two lectins were extracted from callus of Jerusalem artichoke, and then purified by chromatography and preparative electrophoresis. Both lectins showed a strong activity for hemagglutination. Pan et al. [@bib0080] successfully isolated nine bioactive compounds from the whole plant of Jerusalem artichoke, including ent-17-oxokaur-15(16)-en-19-oic acid, ent-17-hydroxykaur-15(16)-en-19-oic acid, ent-15β-hydroxykaur-16(17)-en-19-oic acid methyl ester, ent-15-nor-14-oxolabda-8(17), 12E-dien-18-oic acid, 4,15-isoatriplicolide angelate, 4,15-isoatriplicolide methylacrylate, (+)-pinoresinol, (−)-loliolide, and vanillin. The bioactivities of nine compounds were subsequently evaluated using the MCF-7 human breast cancer cell line and a soybean isoflavonoid defense activation bioassay. Two of the compounds were identified as cytotoxic agents, one of which was capable of stimulating defense metabolites, and four of which were able to block isoflavone accumulation in soybean. Continuous efforts on bioactive ingredient extraction from Jerusalem artichoke leaves in Xiao and Yuan's team [@bib0085], [@bib0465], [@bib0470] have led to important advances. Six phenolic extracts from Jerusalem artichoke leaves exhibited free radical scavenging activities, rendering Jerusalem artichoke leaves a good source for natural antioxidants [@bib0085], [@bib0475]. Very recently, this group [@bib0470] further isolated a series of sesquiterpene lactones, exhibiting cytotoxicity against cancer cell lines, which is consistent with the results reported by Pan et al. [@bib0080].

The extracts from Jerusalem artichoke leaves also exhibited antifungal properties [@bib0480], [@bib0485], [@bib0490]. Liu et al. [@bib0480] used different solvents to extract Jerusalem artichoke leaves, and tested extracts' antifungal properties in several fungi such as *Rhizoctonia solani, Gibberella zeae, Alternaria solani* and *Botrytis cinerea*. Their study indicated that Jerusalem artichoke leaf extracts from different solvents showed different antifungal activities. For example, the inhibitory effect of aqueous extracts was lower than those from organic solvents. The extracts from ethyl acetate showed the highest inhibitory activity to the four fungi employed in this research. While a study from Han et al. [@bib0485] found that the acetone extracts of Jerusalem artichoke leaves presented the strongest inhibitory ability for pepper gray mold within their experimental scope. In more recent research conducted by Chen et al. [@bib0490] six phenolic acids were isolated from Jerusalem artichoke leaves using n-butanol as a solvent, and among the six phenolic acids isolated, caffeic acid, 3,4-dicaffeoylquinic acid and 1,5-dicaffeoylquinic acid were identified to be responsible for *G. zeae* inhibition. This study sufficiently demonstrates that Jerusalem artichoke leaves are a potential source of natural fungicides.

Conventional solvent extraction has been a major extraction technology for the separation of bioactive ingredients from Jerusalem artichoke leaves. Since the leaves contain a wide variety of chemical compounds, extracts using different solvents without further purification showed varying bioactivities [@bib0480], [@bib0485], [@bib0490]. Therefore further work is needed to extract bioactive substances, subsequently separate extracts, identify and characterize the bioactivity of each compound. The release of bioactive compounds from Jerusalem artichoke can be affected by processing. For instance, puffing and extrusion processes were recently found to increase the total phenolic content, free radical scavenging activity and ferric reducing antioxidant power of Jerusalem artichoke tea infusion compared to processing by roasting and hot air drying [@bib0495]. Moreover, a previous study showed that a combination of high hydrostatic pressure (HPP) and enzymatic treatments and fermentation increased the phenolic content and in vitro antioxidant (radical scavenging and superoxide-like) activities of Jerusalem artichoke tuber extract compared to water extraction [@bib0500]. Therefore, for industry scale production of bioactive compounds from Jerusalem artichoke, processing and extraction technology should be critically evaluated and selected according to the physicochemical properties of targeted ingredients and the nature of the plant matrix. In addition to HPP, other non-conventional extraction techniques such as ultrasound-assisted, microwave-assisted and supercritical fluid extraction can be considered as alternative approaches to increase the yield and preserve the bioactivity of ingredients in Jerusalem artichoke [@bib0505], [@bib0510].

4.3. Biofuels {#sec0045}
-------------

### 4.3.1. Ethanol {#sec0050}

Jerusalem artichoke (JA) is currently recognized as an emerging energy crop for bioethanol production; however, ethanol production from Jerusalem artichoke has a long history. In the 19th century, a French chemist, Anselme Payen promoted Jerusalem artichoke tubers for beer production in France. Interestingly, the beer derived from Jerusalem artichoke tubers is sweet and has a fruity taste [@bib0515], [@bib0520]. Due to the unique aroma, Jerusalem artichoke ethanol has also been used to produce brandy in France and Germany as well as sake in Japan [@bib0525]. During and after World War I, extensive research was conducted by the British Department of Scientific and Industrial Research to develop fuel ethanol from Jerusalem artichoke. It was demonstrated that Jerusalem artichoke was able to produce the same amount of fermentable carbohydrate per acre for alcohol as sugar beet and more than the Irish potato. However, with the rise of the modern petroleum industry, interest in fuel ethanol declined [@bib0530], [@bib0535]. In the 1980s a renewed interest in Jerusalem artichoke ethanol was stimulated by the 1973 oil crisis [@bib0540], [@bib0545]; however this research was again interrupted with lower oil prices following the crisis. Renewed interest in Jerusalem artichoke as a source for ethanol production has occurred again and this time is largely driven by the rapid decline of fossil fuel reserves coupled with the negative effects of overconsumption of petroleum-based fuels on environment such as global warming, climate change, acid rain and ozone layer depletion. Much effort and significant progress have been made to develop biofuels, mainly bioethanol and biodiesel to substitute petro-fuels [@bib0550], [@bib0555]. Currently in North America, corn, wheat and barley are dominant feedstocks for commercial bioethanol production but they compete with food and feed supply, raising a heated debate on "fuel vs food". As a consequence, efforts are reoriented to utilize lignocellulosic biomass (agricultural and forestry residues) and/or develop dedicated energy crops [@bib0005], [@bib0560], [@bib0565], [@bib0570], [@bib0575]. Undoubtedly, lignocellulose is the most economical and abundantly available feedstock, however the costly pretreatment of converting cellulose into fermentable sugar is the key technical barrier to economically competitive production. Bioethanol production from lignocellulosic biomass is still at the development stage [@bib0580]. Jerusalem artichoke tubers are rich in inulin, which can be easily hydrolyzed and then converted into ethanol using biocatalysts. The ethanol yield is equivalent to that of sugarcane and twice that obtained from corn. These characteristics make Jerusalem artichoke an outstanding substrate for ethanol production [@bib0090], [@bib0095], [@bib0585], [@bib0590], [@bib0595], and it has recently been listed as one of the most promising energy crops in China, Europe and New Zealand [@bib0020], [@bib0600], [@bib0605], [@bib0610]. Generally, there are two routes for bioethanol production from Jerusalem artichoke tubers: (1) separate hydrolysis and fermentation (SHF) and (2) simultaneous saccharification and fermentation (SSF) as shown in [Fig. 3](#fig0015){ref-type="fig"}.Fig. 3Two routes for bioethanol production from Jerusalem artichoke tubers.

4.4. Separate hydrolysis and fermentation {#sec0055}
-----------------------------------------

Separate hydrolysis and fermentation (SHF) method is characterized as inulin hydrolysis and sugar fermentation being conducted in two separate reactors. Typically, Jerusalem artichoke tubers are processed into pulpy mash and then hydrolyzed into fermentable sugars (fructose and glucose) using either dilute mineral acids or inulinase enzyme. Subsequently, fermentable sugar is separated from solid residues and transferred into a fermenter where sugar is fermented into ethanol employing yeasts such as *Zymomonas mobilis, Kluyveromyces marxianus* and *Saccharomyces cerevisae*.

The research on hydrolysis of inulin for fructose production has been stated in Section [4.1.2](#sec0035){ref-type="sec"}. [@bib0385], [@bib0390], [@bib0395], [@bib0400], [@bib0405], [@bib0410], [@bib0415], [@bib0420], [@bib0425], [@bib0430], [@bib0435] Such-prepared fructose can be further converted into ethanol. For the ethanol production starting with tubers through SHF process, hydrolysis step has significant impacts on the following fermentation step. Complete hydrolysis of inulin produces a maximum amount of sugar that leads to high ethanol yield. However, hydrolysis process may generate some byproducts which could inhibit the activity of yeast in the fermentation step, consequently prolonging fermentation time. Fleming et al. [@bib0615] investigated the effectiveness of various mineral acids (hydrochloric, sulfuric, citric and phosphoric acids) in hydrolysis of Jerusalem artichoke tubers. They concluded that there was no significant difference among these acids in their influence on inulin hydrolysis. The research conducted by Toran-Diaz et al. [@bib0620] evaluated the effect of acid or enzymatic hydrolysis of inulin on the subsequent alcoholic fermentation. It was found that acid hydrolysis was faster than enzymatic hydrolysis while the byproducts from acid hydrolysis inhibited the growth of yeast in the subsequent fermentation step, which resulted in a low ethanol yield. It was also observed that *Z. mobilis* was able to ferment the Jerusalem artichoke juice into ethanol without adding any other nutrients, and the ethanol yield using *Z. mobilis* in fermentation was higher than found using *K. marxianus*. Kim and Hamdy [@bib0625] optimized hydrolysis conditions to obtain complete hydrolysis of inulin and minimum generation of yeast inhibitors. They proposed that Jerusalem artichoke slurry should be hydrolyzed in 0.1 M HCl at 97 °C for 15 min. Under such conditions, maximum reduction of sugar to 84.8% fructose equivalent was achieved while the concentration of inhibitor 5-hydroxymethylfurfural (HMF) was 0.07%, lower than 0.1%, the limit for yeast growth inhibition. Razmovski et al. [@bib0630] examined the effects of temperature, residence time and hydromodule on Jerusalem artichoke hydrolysis. The Jerusalem artichoke hydrolyzates obtained under various hydrolysis conditions were further tested in alcoholic fermentation with *S. cerevisiae* as a biocatalyst. They found that acid hydrolysis at high temperatures and long residence times increased the concentration of yeast inhibitor HMF and accelerated the degradation of fructan. Based on their experimental results, the highest ethanol yield of 7.6w/w was obtained when acid hydrolysis was carried out at 126 °C, 60 min of residence time and hydromodule ratio of 1:1. Zubr [@bib0635] investigated the effects of several enzymes on hydrolysis of Jerusalem artichoke tubers, including Novozym 188, Celluclast, Novo 230, Novo SP 249, and combinations of thereof. Their work indicated that cellulolytic enzymes like Novozym 188 and Cellules had very disappointing performance, generating a small amount of fructose and glucose. Novo 230 was the most efficient enzyme for inulin hydrolysis, giving the highest sugar yield under the authors' experimental scope. At the same time, *S. cerevisae*, traditional brewing yeast, was identified as an efficient catalyst for the alcoholic fermentation of these fermentable sugars resulted from hydrolysis step.

4.5. Simultaneous saccharification and fermentation {#sec0060}
---------------------------------------------------

Simultaneous saccharification and fermentation (SSF) is characterized as inulin hydrolysis and sugar fermentation being carried out in one bioreactor using combination biocatalysts. Obviously, such a direct conversion of soluble inulin into ethanol without a prior hydrolysis step is highly favorable from capital investment and operating cost perspectives. Moreover, a SSF process significantly reduces the fermentable sugar loss caused by separation and transfer of sugars from hydrolyzer into fermenter as in a SHF process. For Jerusalem artichoke ethanol production through SSF, the major technical barrier is the identification of the most efficient enzymes which are capable of facilitating both hydrolysis and fermentation.

One approach is to use a mixture of inulinase and yeast to convert ground Jerusalem artichoke tubers to ethanol. Kim and Rhee [@bib0640] co-immoblized inulinase and *Z. moblilis* in alginate beads to facilitate a one-step production of ethanol from Jerusalem artichoke tubers in a continuous mode. The maximum ethanol productivity was reported as 55.1 g/L/h and the yield was 95% of theoretical yield. In the study reported by Nakamura et al. [@bib0645], [@bib0650], simultaneous hydrolysis and fermentation of tubers was conducted in a batch operation mode using a mixture of *Aspergillus niger* 817 and *S. cerevisiae* 1200. The ethanol concentration was 10.4% (v/v) for 15 h fermentation time; the yield was 92% of theoretical yield. Szambelan et al. [@bib0655] compared the ethanol yields from different processes, using single yeast and a mixture culture of microorganisms. The mixed culture of *Kluyveromyces fragilis* and *Z. mobilis* or *K. fragilis* and *S. cerevisiae* gave the best results under the authors' research scope. The yield of ethanol was 94% of maximum theoretical yield and the ethanol concentration was 9.9% (v/v). Ge et al. [@bib0660] attempted a newly isolated extroinulinase-hyperproducing strain, *A. niger* SL-09, coupled with *S. cerevisiae* Z-06 to ferment ground Jerusalem artichoke tubers into ethanol in a batch operation. The ethanol concentration was as high as 19.5% (v/v) for 48 h fermentation with the conversion efficiency of 90%. The result from this research is significant in that high ethanol concentration in the finished fermentation broth can dramatically reduce the cost of the subsequent distillation step, making the overall ethanol production more economically viable.

Employment of a mixture of enzymes can realize simultaneous hydrolysis and fermentation of Jerusalem artichoke tubers for ethanol production. However, these processes involving two species with different culture conditions pose difficulties to process optimization. Ethanol productivity was compromised due to both biocatalysts working under sub-optimal conditions. Another effort is to use yeasts that possess inulinase activity to achieve simultaneous saccharification and fermentation. Guiraud et al. [@bib0665] first demonstrated that *K. fragilis* and *K. fragilis* with inulinase activity were able to convert Jerusalem artichoke tubers to ethanol directly. Following their pioneering research, numerous efforts were made to develop and/or screen more effective strains to facilitate SHF of Jerusalem artichoke. Duvnjak [@bib0670] evaluated the performance of several yeasts in hydrolysis and fermentation, including *K. marxianus* ATCC12708, *K. marxianus* ATCC 10,606, *Kluyveromyces cerevisiae* ATCC 22,295 and *K. fragilis*. Their work indicated that Jerusalem artichoke juice contained enough nutrients for both yeast growth and ethanol production. *K. marxianus* ATCC12708 was identified as the most suitable yeast, providing an ethanol yield of 87.5% of theoretical value within 25 h fermentation. From the early 1980s, Professor Margaritis's team [@bib0540], [@bib0545], [@bib0675], [@bib0680], [@bib0685], [@bib0690], [@bib0695], [@bib0700], [@bib0705], [@bib0710], [@bib0715], [@bib0720], [@bib0725], [@bib0730], [@bib0735], [@bib0740], [@bib0745] have been devoting their research to ethanol production from Jerusalem artichoke. Extensive works were conducted ranging from yeast screening [@bib0675], enzyme immobilization method [@bib0680], [@bib0695], [@bib0700], [@bib0705], [@bib0710], batch and continuous operation modes [@bib0530], [@bib0705], [@bib0885], kinetics of ethanol production [@bib0680], [@bib0690], [@bib0710], [@bib0715] and hydrolysis of inulin [@bib0730], [@bib0735], [@bib0740], [@bib0745], which built a valuable foundation for the research on Jerusalem artichoke ethanol. In their early work, *K. marxianus* UCD (FST) 55-82 was demonstrated to be the most suitable yeast for the fermentation of Jerusalem artichoke tubers among eight yeasts tested in their investigation [@bib0675]. *K. marxianus* UCD (FST) 55-82 with inulinase activity was further employed in a continuous bioreactor to hydrolyze and ferment Jerusalem artichoke juice, producing ethanol with a yield of 90% of theoretical value [@bib0540]. The performance of this yeast was also tested in a batch operation for ethanol production [@bib0540]. The ethanol concentration was 44 g/L at the end of a fermentation time of 60 h, achieving a yield of 88% of the theoretical yield. Negro et al. [@bib0750] conducted a direct fermentation of inulin using *K. marxianus* CECT 10,875. The ethanol concentration was 19 g/L at the end of fermentation, with a yield of 96% of theoretical yield. Work by Lim et al. [@bib0755] identified *S. cerevisiae* KCCM50549 as another promising yeast for SFH process of Jerusalem artichoke tubers, giving a relatively high ethanol concentration of 36.2 g/L and a yield of 70% of theoretical value within 30 h. Ethanol produced from this yeast is 1.6 times higher than that from *S. cerevisiae* NCY625. Yu et al. [@bib0760] noticed that *Kluyveromyces cicerisporus* Y179 expressed a high level of inulinase activity, which was suitable for ethanol production by SSH method. The experimental results indicated that more ethanol was produced by this yeast at 30 °C than at 37 °C or 42 °C. After 144 h fermentation, ethanol with the concentration of 12.3% (v/v) was achieved, and the yield of ethanol was 86.9% of theoretical value. Dr. Bai's group [@bib0765], [@bib0770], [@bib0775], [@bib0780] have conducted ongoing research on ethanol production from Jerusalem artichoke tubers using a consolidated bioprocessing (CBP) strategy which integrated inulinase production, hydrolysis of inulin and ethanol fermentation. In the early work conducted by Yuan et al. [@bib0765] *K. marxianus* ATCC8554 were proven to have a good alcoholic fermentation ability and high inulinase production capacity. Employment of this yeast converted Jerusalem artichoke tubers to ethanol directly, achieving an ethanol yield of 87% for fermentation time of 84 h. Yuan et al. [@bib0775] further developed a new recombinant yeast that contained commercially available *S. cerevisiae* 6525 integrated by inulinase gene cloned from *K. marxianus*. Using this new yeast, ethanol concentration in broth was significantly increased to 72.5 g/L at the end of 48 h fermentation, while using the host strain, *S. cerevisiae* 6525 alone, ethanol concentration was only 67.0 g/L in 60 h. Yuan et al. [@bib0780] also applied *K. marxianus* with overexpression of inulinase gene in the fermentation of Jerusalem artichoke tubers. Significant improvement of ethanol productivity was observed, detailed data of which are listed in [Table 1](#tbl0005){ref-type="table"}. The research of Dr. Chi's team [@bib0785], [@bib0790], [@bib0795] focused on the development and application of *Saccharomyces* sp W0 with inulinase gene expression in Jerusalem artichoke ethanol production. The exo-inulinase gene and endo-inulinase gene were integrated into *Saccharomyces* sp W0 respectively. Ethanol productivities using *Saccharomyces* sp W0 with and without inulinase gene expression are summarized in [Table 1](#tbl0005){ref-type="table"}. Hu et al. [@bib0800] examined the activities of 21 newly isolated and 65 previously available *S. cerevisiae* strains in direct fermentation of Jerusalem artichoke through consolidated bioprocessing (CBP). Their work identified *K. marxianus* PT-1 and *S. cerevisiae* JZ1C as good thermo-tolerant strain candidates for Jerusalem artichoke ethanol production. Under their experimental conditions, these two strains gave 90% and 79.7% of theoretical ethanol yield respectively at 40 °C within 84 h fermentation. Very recently, Guo et al. [@bib0805] reported an improved CBP process in a helical ribbon stirring bioreactor using mutant yeast, *S. cerevisiae* DQ1. The ethanol concentration was as high as 128 g/L, which is very promising. [Table 1](#tbl0005){ref-type="table"} summarizes the biocatalysts, fermentation conditions and ethanol productivities of a variety of SSF processes for Jerusalem artichoke ethanol production reviewed in this paper.Table 1SSF processes reported in literature.BiocatalystsFermentation conditionsEthanol concentrationYield[a](#tblfn0005){ref-type="table-fn"}ReferenceSimultaneous saccharification and fermentation (SSF)\
(a mixture of various enzymes)Inulinase + *Z. moblilis*35 °C, continuous55.1 g/L/h95%Kim [@bib0640] 1990*A. niger* 817 + *S. cerevisiae* 120030 °C, 15 h10.4% (v/v)92%Nakamura et al. [@bib0650]\
1996  *K. fragilis* + \
*Z. moblilis* 388130 °C, 72 h9.9% (v/v)94%Szambelan et al. [@bib0655]\
2005*K. fragilis* + \
*S. cerevisiae* Bc16a30 °C, 72 h9.1% (v/v)86%  *A. niger* SL-09 + \
*S. cerevisiae* Z-0630 °C, 48 h19.6% (v/v)90%Ge and Zhang [@bib0660] 2005  Simultaneous saccharification and fermentation (SSF)\
(yeast with inulinase activity)*K. fragilis*28 °C, 6 days11.1% (v/v)98%Guiraud et al. [@bib0665]\
1981*K. marxianus*28 °C, 6 days11.5% (v/v)98%  *K. marxianus* ATCC1270828 °C, 30 h14 g/L87%Duvnjak et al. [@bib0670]\
1981*K. marxianus* ATCC 1060628 °C, 30 h12 g/L83%*K. cicerisporus ATCC 22295*28 °C, 30 h13 g/L86%*K. fragilis 105*28 °C, 30 h11 g/L79%  *K. marxianus* UCD 55-8235 °C, 60 h44 g/L88%Bajpai and Margaritis [@bib0690],*K. marxianus UCD* 55-8235 °C, continuous7 g/L/h90%Sachs et al. [@bib0530],\
1982  *K. marxianus* CECT 1087528 °C, 30 h19 g/L96%Negro [@bib0750], 2006*K. cicerisporus* Y17930 °C, 144 h12.3%(v/v)86.9Yu et al. [@bib0760], 2010*S. cerevisiae* KCCM5054930 °C, 36 h32.6 g/L70%Lim et al. [@bib0755] 2011  *K. marxianus* ATCC855435 °C, 84 h60.9 g/L87%Yuan et al. [@bib0765], 2008*S. cerevisiae 6525 with cloned inulinase gene*35 °C, 48 h,72.5 g/L85%Yuan et al. [@bib0775], 2013*K. marxianus with overexpressed inulinase gene*35 °C, 72 h,96.2 g/L93%Yuan et al. [@bib0780] 2013  *Saccharomyces* sp W0 with exo-inulinase gene28 °C, 144 h12.5%(v/v)62.5%Zhang et al. [@bib0785] 2010*Saccharomyces sp W0 with 18S rDNA integration of exo-inulinase gene*28 °C,120 h12.6%(v/v)66%Yuan et al. [@bib0780] 2011*Saccharomyces sp W0 with endo-inulinase gene*30 °C, 120 h12.6%(v/v)65%Li et al. [@bib0795] 2013  *K. marxianus* PT-140 °C, 84 h73.6 g/L90%Hu et al. [@bib0800] 2012*or S. cerevisiae JZ1C*40 °C, 84 h65.2 g/L79.7%*S. cerevisiae* DQ130 °C, 72 h128.1 g/L73.5%Guo et al. [@bib0805] 2013[^1]

### 4.5.1. Butanol {#sec0065}

Biobutanol as a new generation of biofuel has recently drawn increasing attention due to its higher heating value and low volatility in comparison with bioethanol. Explorative research on butanol production from Jerusalem artichoke has been conducted. Sarchami and Rehmann [@bib0810] optimized the enzymatic hydrolysis of inulin from Jerusalem artichoke, and obtained maximum inulin conversion of 94.5% under the optimal conditions(temperature of 48 °C, pH of 4.8, substrate concentration of 60 g/L, enzyme loading of 10 units/g substrate and fermentation time of 24 h), producing butanol of 9.6 g/L. Chen et al. [@bib0815] used *Clostridium acetobutylicum* L7 to hydrolyze Jerusalem artichoke juice. It was found that with a starting sugar concentration of 62.87 g/L, 11.2 g/L of butanol was produced for 60 h of fermentation, and the ratio of butanol, acetone and ethanol was 0.64:0.29:0.05.

4.6. Chemicals {#sec0070}
--------------

Lactic acid is widely used in the food, pharmaceutical and chemical industries, and it is an important building block for synthesizing a variety of chemicals [@bib0820], [@bib0825]. In response to an increasing demand for lactic acid, Jerusalem artichoke stands out as a low cost raw material for lactic acid production. Ge et al. [@bib0825] first attempted to use mixed culture of *A. niger* SL-09 and *Lactobacillus* sp to produce lactic acid from JA. In a SSF process, the highest lactic acid concentration of 120.5 g/L was obtained in 36 h of the fed-batch fermentation with a high conversion efficiency of 94.5%. This group further enhanced the process by introducing *Lactobacillus casei* G-02, leading to an increased lactic acid concentration of 141.5 g/L [@bib0830]. It was reported by Choi et al. that a direct lactic acid fermentation could be realized using *Lactobacillus paracasei* without a pre-step of inulin hydrolysis. The lactic acid concentration was 92.5 g/L and the conversion efficiency of inulin-type sugars to lactic acid was 98% of the theoretical yield [@bib0835]. Dao et al. [@bib0840] developed a practical and economical way to produce lactic acid from JA. They used commercially available glucoamylase, glucoamylase GA-L New and *Pediococcus acidilactici* DQ 2 to hydrolyze and ferment JA tubes. The lactic acid concentration of 111.5 g/L was obtained. Another study on lactic acid production [@bib0845] conducted by Wang et al. used thermophilic *Basillus coagulans* strain. The obtained lactic acid was 134 g/L with a starting sugar concentration of 140 g/L. Research from Shi et al. [@bib0850] focused on the development of efficient bioreactors. A fibrous bed bioreactor with immobilized *Lactococcus lactis* significantly improve the overall production efficiency, resulting in lactic acid concentration of 142 g/L in a fed-batch mode operation.

Jerusalem artichoke also has potential for generating a variety of others chemicals [@bib0820], [@bib0855] such as butyric acid [@bib0860], citric acid [@bib0865], succinic acid [@bib0870], 2,3-butanediol [@bib0875], [@bib0880] and sorbitol [@bib0885]. A few studies have been reported, of which details are not stated in this paper.

5. Conclusions {#sec0075}
==============

Jerusalem artichoke is an economically important plant with advantages of low input cultivation, high crop yield and wide adaptation to climatic and soil conditions. In addition to its applications as functional food and bioactive ingredient sources, it is recognized as a sustainable feedstock for biofuel production. These diverse economic values identify it as a promising biomass for bioeconomy development. However, Jerusalem artichoke is currently underutilized. This paper provides a review of the considerable amount of research that has been already been conducted; however more research and development are necessary before the utilization of Jerusalem artichoke can become economically and technically viable. Further studies are expected to focus on: (1) optimization of the cultivation conditions to improve crop yield per input; (2) increasing inulin content in tubers by genetic modification of the species; (3) identification and development of enzymes with high activity and stability to facilitate more efficient bioprocesses for bioproduct production; and (4) exploring new enzyme immobilization technologies and designing advanced bioreactors for continuous operation to increase overall productivity. Outcomes of these research areas should establish Jerusalem artichoke as an essential natural resource in a developing bioeconomy.
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[^1]: Ethanol yield is the percentage of theoretical yield on the basis of total sugar in feedstock.
